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The single crystal elastic constants, polycrystalline elastic moduli and related properties of orthorhombic
MgSiN2, MgGeN2 and MgSnN2 have been calculated using density functional theory and compared to the
related wurtzite structured AlN, GaN and InN. Since there are no experimental studies of single crystal elastic
properties of neither MgSiN2, MgGeN2 or MgSnN2, we have established the accuracy of the calculations by
comparison with experimental data for AlN, GaN and InN. The calculated polycrystalline elastic moduli of
MgSiN2 are found to be in good agreement with available experimental elastic moduli. It will be shown that
MgSiN2 and MgGeN2 have a small xy-plane lattice mismatch with AlN and GaN, respectively, while at the
same time being significantly softer than both AlN and GaN. This shows that MgSiN2 and MgGeN2 should
be possible to be grown on AlN and GaN without significant lattice mismatch or strain.
I. INTRODUCTION
The Group-III-nitride semiconductors AlN, GaN and
InN are widely used in optoelectronics and high
power electronic devices.1–3 AlN and its alloys are
also used widely in energy harvesting devices and RF
applications.4 However, improved efficiencies are re-
quired for III-nitride-based ultraviolet (UV) light emit-
ting diodes5, solar cells6 and energy harvesting devices.4
Group II-IV nitride semiconductors are of growing inter-
est in this regards, as their bonding and crystal struc-
tures are related to those of the III-nitrides but they of-
fer different combinations of band gaps and lattice pa-
rameters, thereby opening up additional possibilities for
device design.7,8 For example: Zn-based II-IV nitrides,
such as ZnSnN2, are of current interest for solar cells,
7,8
whereas wide band gap II-IV nitrides, such as MgSiN2
and MgGeN2, may find applications as part of UV opto-
electronic devices.9–11
Before new materials can be useful for applications it
is required to establish the fundamental physical proper-
ties of these materials. Fundamental materials parame-
ters are needed to design, characterise and simulate new
devices effectively. For example, accurate elastic con-
stants are essential for determining the composition of
epitaxial films using X-ray difraction12 and for assess-
ing the critical thicknesses for strain relaxation in device
heterostructures.13
In this study, we will investigate the elastic proper-
ties of Mg-IV-N2 for IV = Si, Ge and Sn using calcula-
tions based on density functional theory. Previous the-
oretical studies of Mg-IV-N2 have focused on the elec-
tronic properties of MgSiN2,
9–11,14,15 MgGeN2
11,15 and
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MgSnN2.
11 Recently, there has also been studies of the
lattice dynamics of MgSiN2 and MgGeN2,
16,17 as well as
of the thermal expansion in MgSiN2.
18 Both MgSiN2 and
MgGeN2 powders have been found experimentally
9,19,20
and shown to have an orthorhombic crystal structure
which is derived from the wurtzite structure. In the case
of MgSiN2, polycrystalline elastic constants
21 as well as
derived properties,22 such as sound velocities and the De-
bye temperature, have been measured. Arab et al.23 have
calculated the elastic constants of MgSiN2 previously,
however, in their study Arab et al. were more interested
in how the elastic properties varied under pressure than
comparing the elastic properties of MgSiN2 with other
compounds. Here we will present the elastic properties
of MgSiN2 as well as MgGeN2 and MgSnN2. In addition
to presenting the elastic constants of the Mg-IV-N2 sys-
tems, we will critically compare the elastic properties of
these systems with wurtzite AlN, GaN and InN. In addi-
tion, we will also make comparisons to the Zn-based II-IV
nitrides ZnSiN2, ZnGeN2 and ZnSnN2 for which calcu-
lations of the elastic properties have been performed by
Paudel and Lambrecht.7
II. METHODS
Density functional calculations have been performed
using the projector augmented wave (PAW) method24 as
implemented in the Vienna ab initio simulations package
(VASP).25,26 We have used the PBEsol generalized gra-
dient approximation27 for the exchange-correlation en-
ergy functional. The plane wave energy cut-off was set
to 800 eV and we have used Γ-centered k-point meshes
with the smallest allowed spacing between k-points of
0.1 A˚−1. The atomic positions and simulation cell shapes
were relaxed until the Hellmann-Feynman forces acting
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2on atoms were smaller than 0.001 eV/A˚.
The elastic constants have been evaluated following
Refs. 28 and 29 where the stress is evaluated from the
application of a strain to the system and the elastic con-
stants are evaluated from Hook’s law σ = C¯, where
σ is the stress,  is the small applied strain and C¯ is
the elastic constants tensor. This approach has been
used successfully to calculate the elastic constants of both
zinc-blende30 and wurtzite31,32 Group III-nitride alloys,
producing accurate elastic constants with a relatively low
computational cost.28,31,33,34 Here we evaluate the elas-
tic constants for orthorhombic Mg-IV-N2, where IV =
Si, Ge and Sn, (space group Pna21) illustrated in Fig. 1
and wurtzite structured AlN, GaN and InN. For an or-
thorhombic crystal there are 9 independent elastic con-
stants which in the Voigt notation, where 1 = xx, 2 = yy,
3 = zz, 4 = yz, 5 = zx and 6 = xy, are given by c11,
c22, c33, c12, c13, c23, c44, c55 and c66. The wurtzite
structure has 5 independent elastic constants c11, c33,
c12, c13 and c44, with a sixth elastic constant defined as
c66 = (1/2)(c11 − c12).
III. STRUCTURAL PROPERTIES
The orthorhombic crystal structure shown in Fig. 1
can be derived from the wurtzite structure by substi-
tuting one Group II and one Group IV atom for every
two Group III atoms. The actual transformation fol-
lows as a = a1 + 2a2 and b = 2a1, where a1 and a2
are the lattice constants of the wurtzite lattice in the
xy-plane while a and b are the lattice vectors in the
xy-plane of the orthorhombic structure. The c lattice
vector is common to both crystal structures. In the
orthorhombic Pna21 structure all atoms occupy the 4a
wyckoff crystal positions, with crystal coordinates x, y
and z. In Tables I, II and III, we show the lattice con-
stants and obtained wyckoff positions for the orthorhom-
TABLE I. Lattice constants and crystallographic coordinates
(x, y, z) of orthorhombic MgSiN2.
XC a (A˚) b (A˚) c (A˚)
PBEsol 5.280 6.480 4.999
Expt. (T = 10 K)19 5.27078(5) 6.46916(7) 4.98401(5)
PBEsol
x y z
Mg 0.0840 0.6227 0.9883
Si 0.0701 0.1255 0.0000
N(1) 0.0481 0.0955 0.3473
N(2) 0.1090 0.6556 0.4075
Expt. (T = 10 K)19
x y z
Mg 0.08448(34) 0.62255(30) 0.9866(5)
Si 0.0693(5) 0.1249(4) 0.0000
N(1) 0.04855(17) 0.09562(15) 0.3472(4)
N(2) 0.10859(18) 0.65527(14) 0.4102(4)
bic Mg-IV-N2 systems. In Table IV we show the calcu-
lated lattice constants of wurtzite AlN, GaN and InN,
together with experimental reference values. Overall, we
find that the calculated structural parameters are in very
good agreement with reported experimental structures
for both Group II-IV and Group III nitrides, with differ-
ences of the order of less than 1% which is to be expected
when using the PBEsol density functional.27,34 We also
note that our calculated lattice constants for the II-IV
nitrides are in reasonable agreement with previous work
in which the electronic structure of MgSiN2 was calcu-
lated using local and semi-local approximations for the
exchange-correlation energy functional.11,15,35
We note that the atoms in the orthorhombic Mg-IV-N2
structure form a slightly distorted tetrahedral framework
compared to pure wurtzite crystal structures which is
clearly shown in Fig. 1 and discussed in detail in Refs.
16 and 19. This distortion of the atomic arrangement is
accomplished in order to accommodate the size difference
as well as interatomic bond strengths between the Group
II and IV elements in the II-IV nitride systems.
Since the orthorhombic structures are derived from the
wurtzite structure, it is possible to define a wurtzite-
like lattice constant for the orthorhombic structures,
a¯w = (a/
√
3 + b/2)/2,16 as well as the deviation from
a hexagonal lattice, ∆w = |a
√
3 − b/2|/a¯w.16 Based on
our calculations we find the average wurtzite-like lattice
constant to be 3.144 A˚, 3.241 A˚ and 3.425 A˚ for MgSiN2,
MgGeN2 and MgSnN2, respectively. The deviation from
hexagonality is found to be 6.1%, 4.2% and 0.8% for
MgSiN2, MgGeN2 and MgSnN2, respectively. MgSiN2
therefore shows the largest deviation from a hexagonal
structure while MgSnN2 shows only a very small devia-
tion. Compared to the III-nitrides, we note that a¯w in
MgSiN2 is slightly larger than the in-plane lattice con-
stant in AlN (3.144 A˚ vs. 3.112 A˚), while a¯w in MgGeN2
is slightly larger than the in-plane lattice constant in GaN
(3.241 A˚ vs. 3.179 A˚). In MgSnN2 a¯w is intermediate
TABLE II. Lattice constants and crystallographic coordi-
nates (x, y, z) of orthorhombic MgGeN2. Here we have shifted
the z values such that the z coordinate of Ge is 0.
XC a (A˚) b (A˚) c (A˚)
PBEsol 5.497 6.618 5.172
Expt.20 5.494 6.611 5.166
PBEsol
x y z
Mg 0.0845 0.6233 0.9913
Ge 0.0736 0.1258 0.9988
N(1) 0.0596 0.1067 0.3588
N(2) 0.1002 0.6438 0.3971
Expt.20
x y z
Mg 0.083 0.625 0.000
Ge 0.083 0.125 0.000
N(1) 0.083 0.125 0.380
N(2) 0.083 0.625 0.400
3FIG. 1. (Color online) The crystal structure of Mg-IV-N2 shown along the x-y, y-z and x-z planes. Mg, IV and N are shown
in bronze, blue and grey spheres respectively. The solid black rectangles show the boundaries of the primitive unit cell.
between the in-plane lattice constant in GaN and InN
(3.425 A˚ vs. 3.179 A˚ and 3.531 A˚, respectively). We also
note that the wurtzite-like lattice constant in MgSiN2 is
only slightly smaller than the in-plane lattice constant in
GaN (3.144 A˚ vs. 3.179 A˚), and, in fact, the wurtzite-like
lattice constant in MgSiN2 is found halfway between the
in-plane lattice constant of AlN and GaN.
IV. SINGLE CRYSTAL ELASTIC CONSTANTS
Table V shows the elastic constants for MgSiN2,
MgGeN2 and MgSnN2, as well as for AlN, GaN and InN.
The PBEsol approximation has previously been found to
obtain very accurate elastic constants,34 and as can be
seen for AlN, GaN and InN in Table V, we find that the
present PBEsol calculations are in very good agreement
with available experimental data. The general trend is
that the calculations underestimate the elastic constants
for the Group III-nitrides slightly. We also reproduce the
trend that the elastic constants become smaller as the
Group III element is varied from Al to Ga to In. Note
that in the case of InN, we show different sets of exper-
imental reference values, which differs from each other.
In the older study by Sheleg and Savastenko,40 the elas-
tic constants in InN are consistently smaller than in the
TABLE III. Lattice constants and crystallographic coordi-
nates (x, y, z) of orthorhombic MgSnN2. Here we have shifted
the z values such that the z coordinate of Sn is 0.
XC a (A˚) b (A˚) c (A˚)
PBEsol 5.907 6.878 5.472
PBEsol
x y z
Mg 0.0832 0.6245 0.9942
Sn 0.0832 0.1257 0.9970
N(1) 0.0786 0.1222 0.3764
N(2) 0.0851 0.6274 0.3785
TABLE IV. Calculated crystal structure parameters for the
Group-III nitrides AlN, GaN and InN.
a (A˚) c (A˚) c/a
AlN (PBEsol) 3.112 4.980 1.600
AlN (Expt.6) 3.112 4.982 1.601
GaN (PBEsol) 3.179 5.181 1.630
GaN (Expt.6) 3.189 5.185 1.626
GaN (Expt.36) 3.189 5.1864 1.626
InN (PBEsol) 3.531 5.704 1.615
InN (Expt.6) 3.533 5.693 1.611
InN (Expt.37) 3.544 5.718 1.613
study by Morales et al.41 Especially the c44 elastic con-
stant is very small according to Sheleg and Savastenko.40
The calculated PBEsol results are in very good agree-
ment with the elastic constants measured by Morales et
al.41
For the Mg-IV-N2 systems, we find that the elastic con-
stants become smaller as the Group IV element is varied
from Si to Sn, i.e. the same trend as for the Group III ni-
trides. However, the reduction in the elastic constants are
less dramatic. We also note that MgSiN2 and MgGeN2
are softer than AlN and GaN, respectively, where the
elastic constants of the Mg-IV-N2 systems are generally
softer or even significantly softer than in the correspond-
ing Group III nitride. In fact, the c11, c22 and c33 elastic
constants in MgSiN2 are even smaller than the c11 and
c33 elastic constants in GaN. We also find that the elastic
constants in MgSnN2 are similar in size to the elastic con-
stants in InN. That the elastic constants in MgSiN2 and
MgGeN2 are softer than in the corresponding Group III
nitrides is beneficial since it will make it possible to grow
these nitride phases on substrates with slightly expanded
or contracted lattice constants with smaller strains than
what is possible with the Group III nitrides. This is inter-
esting since reducing strain in thin film growth will assist
in reducing the presence of dislocations in the films.
There have been previous investigations of the elas-
4TABLE V. Single crystal elastic constants of MgSiN2, MgGeN2, MgSnN2, AlN, GaN and InN. All elastic constants are given
in GPa. For AlN, GaN and InN experimental elastic constants are also shown.
MgSiN2 AlN MgGeN2 GaN MgSnN2 InN
cij PBEsol PBEsol Expt.
38 PBEsol PBEsol Expt.39 PBEsol PBEsol Expt.40 Expt.41
c11 310.2 382.4 411±10 268.5 346.5 390 223.5 216.9 190(7) 237(7)
c22 303.6 = c11 = c11 264.5 = c11 = c11 210.7 = c11 = c11 = c11
c33 320.2 356.7 389±10 274.6 385.2 398 210.2 224.9 182(6) 236(6)
c12 148.8 138.8 149±10 126.0 127.8 145 98.9 107.4 104(3) 106(4)
c13 75.8 108.7 99±4 76.7 91.8 106 79.0 88.2 121(7) 85(3)
c23 116.8 = c13 = c13 99.8 = c13 = c13 80.8 = c13 = c13 = c13
c44 121.5 112.0 125±5 92.8 92.3 105 61.0 48.9 10(1) 53(3)
c55 84.2 = c44 = c44 71.2 = c44 = c44 56.2 = c44 = c44 = c44
c66 128.6 121.8 131±10 99.4 109.4 123 64.2 54.7 43 66
TABLE VI. Single crystal elastic constants of ZnSiN2,
ZnGeN2 and ZnSnN2. All elastic constants are given in GPa.
Data taken from reference 7.
cij ZnSiN2 ZnGeN2 ZnSnN2
c11 408 358 290
c22 383 341 272
c33 463 401 306
c12 146 136 128
c13 105 98 105
c23 117 103 100
c44 110 95 67
c55 104 86 64
c66 124 105 74
tic constants of the similar Zn-IV-N2 systems and it
is interesting to see how the elastic constants of these
systems compare to the elastic constants of the Mg-IV-
N2 systems. In Table VI we show the elastic constants
of ZnSiN2, ZnGeN2 and ZnSnN2 calculated by Paudel
and Lambrecht7 using the local density approximation
(LDA). We note that the LDA has a tendency of overes-
timating atomic bond strengths which results in too high
elastic constants compared to experiments.34,42 Even so,
it appears that the Mg-IV-N2 systems are significantly
softer than the corresponding Zn-IV-N2 system.
V. POLYCRYSTALLINE ELASTIC CONSTANTS
So far, all experimental studies of MgSiN2 and
MgGeN2 have been performed using powders and there-
fore there are no single crystal studies to compare our cal-
culated elastic constants for the Mg-IV-N2 systems with.
Although the single crystal elastic constants, cij , cannot
be determined, some bulk elastic properties have been
determined experimentally for MgSiN2 and are available
for comparison to calculations. Here, the polycrystalline
bulk moduli, B, and shear moduli, G have been deter-
mined from the elastic constants calculated for the Mg-
IV-N2 and the III-N systems using the Voigt-Reuss-Hill
scheme46–49 as follows: For a general crystal symmetry
the Voigt, GV , and Reuss, GR, shear moduli are given
by
GV =
1
15
(c11 + c22 + c33 − c12 − c13 − c23)
+
1
5
(c44 + c55 + c66) , (1)
and
GR = 15
{
4(s11 + s22 + s33)
− 4(s12 + s13 + s23) + 3(s44 + s55 + s66)
}−1
(2)
respectively. The sij ’s are the elastic compliance con-
stants, which are evaluated as the inverse of the elastic
constants tensor, S¯ = C¯−1. The Voigt, BV , and Reuss,
BR, bulk modulus are given by
BV =
1
9
(c11 + c22 + c33) +
2
9
(c12 + c13 + c23) , (3)
and
BR =
1
(s11 + s22 + s33) + 2 (s12 + s13 + s23)
, (4)
respectively.46 Since the Voigt and Reuss approximations
represent the upper and lower bounds to the polycrys-
talline elastic bulk and shear modulus, Hill49 proposed
to use the arithmetic mean of the Voigt and Reuss ex-
tremes, i.e. G = (GV + GR)/2 and B = (BV + BR)/2.
In terms of these elastic moduli the Young’s modulus, E,
and Poisson’s ratio, ν, may be determined from standard
relations between the Young’s modulus, Poisson’s ratio,
bulk modulus and shear modulus.46
The evaluated polycrystalline elastic moduli for
MgSiN2, MgGeN2 and MgSnN2 are compared to AlN,
GaN and InN in Table VII. It is clear that both the bulk
and shear modulus decrease as the crystals become heav-
ier for both Mg-IV-N2 and III-N systems. The same is
also true for the Young’s modulus. Furthermore, we note
that when comparing Mg-IV-N2 and III-N systems the
bulk modulus, shear modulus and Young’s modulus of
5TABLE VII. Calculated shear modulus and bulk modulus evaluated using both Voigt and Reuss approximations, Hill’s
average shear and bulk modulus, Young’s modulus and Poisson’s ratio as defined in the text, Eqs. (1) to (4). The experimental
references for which both Reuss and Voight approximations are found are evaluated from the single crystal elastic constants
given in Table V. All moduli are given in GPa.
GR GV BR BV G B B/G E ν
MgSiN2
PBEsol 101.2 106.4 178.6 179.6 103.8 179.1 1.726 261.0 0.257
Expt.21 - - - - 113 184 1.63 281 0.246
MgGeN2
PBEsol 84.0 86.4 156.5 157.0 85.2 156.7 1.840 216.3 0.270
MgSnN2
PBEsol 61.6 62.0 128.7 129.1 61.8 128.9 2.085 159.9 0.293
AlN
PBEsol 119.6 120.2 202.9 203.8 119.9 203.3 1.696 300.6 0.254
Expt.38 133 134 210 212 133 211 1.58 330 0.239
Expt.43 - - - - 117 202 1.73 295 0.257
Expt.44 - - - - 126 206 1.63 315 0.246
Expt.45 - - - - 131 160 1.22 308 0.178
GaN
PBEsol 106.9 109.9 190.0 190.0 108.4 190.0 1.743 273.0 0.259
Expt.39 119 121 210 210 120 210 1.75 303 0.260
InN
PBEsol 54.5 55.5 136.2 136.3 55.0 136.2 2.476 145.5 0.322
Expt.40 18 27 139 139 22 139 6.22 64 0.424
Expt.41 62 63 140 140 63 140 2.238 163 0.306
MgSiN2, MgGeN2 and MgSnN2 are smaller than in both
AlN and GaN. MgSnN2 also has a smaller bulk modu-
lus than InN, while both the shear modulus and Young’s
modulus in MgSnN2 are larger than in InN.
In Table VII, we also present measured elastic mod-
uli of powder samples of MgSiN2
21 and AlN.43–45 We
find that our calculations are generally in very good
agreement with these experimental data. The calculated
shear, bulk and Young’s modulus are all slightly smaller
than the experimental observations which is in line with
the previously discussed small underestimation of the sin-
gle crystal elastic constants.
We note that the shear modulus represents the resis-
tance towards plastic deformation while the bulk mod-
ulus measures the resistance to fracture. A large shear
modulus is also significative of a higher degree of direc-
tional bonding between atoms in the crystal. It is there-
fore clear, since the largest shear modulus and bulk mod-
ulus are obtained for MgSiN2 and AlN among the two
forms of nitrides, that the resistance towards both plas-
tic deformation and fracture become lower as the nitride
systems become heavier. The same trend is also valid for
the stiffness of the Mg-IV-N2 and III-N systems, since
the Young’s modulus is the largest within each nitride
group for MgSiN2 and AlN, respectively.
In Table VII we also present the quotient B/G, which
was introduced by Pugh.50 A high (low) value for B/G is
related to a ductile (brittle) behaviour. The critical value
which separates ductile from brittle behaviour is 1.75.50
As can be seen in Table VII, MgSiN2, AlN and GaN all
fall below B/G of 1.75 and are therefore brittle; GaN
is very much on the borderline, while MgSiN2 and AlN
are equally brittle. The remaining Mg-IV-N2 systems
and InN are all above 1.75 and are therefore considered
to be more ductile. We note that the B/G value for
InN obtained by using the single crystal elastic constants
obtained by Sheleg and Savastenko40 is very large which
is due to the significantly underestimated shear modulus
compared to both our calculations and the experiment
by Morales et al.41
The Poisson’s ratio, ν, measures the stability of a crys-
tal against shear and is also associated with the vol-
ume change during uniaxial deformation. ν = 0.25 and
ν = 0.5 are the lower and upper limits for central-force
solids. Furthermore, for ν = 0.5 no volume change occurs
during elastic deformation and this limit also represent
the case of infinite elastic anisotropy. A low value for the
Poisson’s ratio (ν < 0.25) suggests that the interatomic
forces in the solid are non-central. We find that both
MgSiN2 and AlN have Poisson’s ratios that are close to
0.25 and therefore close to the lower limit of central-force
solids. As the Group IV and Group III element are var-
ied the Poisson’s ratio increases and reaches a maximum
of 0.293 and 0.322 for MgSnN2 and InN, respectively.
VI. ELASTIC ANISOTROPY
Apart from knowing the size of the elastic constants,
it is also important to have an understanding of the elas-
tic anisotropy in new compounds since anisotropy is an
origin for microcracks or other types of defects.51 For
6TABLE VIII. Calculated elastic anisotropies AB , AG and
AL. The experimental references are evaluated using the ex-
perimental elastic constants presented in Table V.
AB × 100 % AG × 100 % AL
MgSiN2 (PBEsol) 0.3% 2.5% 2.35
MgGeN2 (PBEsol) 0.2% 1.4% 2.30
MgSnN2 (PBEsol) 0.2% 0.3% 2.25
AlN (PBEsol) 0.2% 0.2% 2.25
AlN (Expt.38) 0.3% 0.4% 2.25
GaN (PBEsol) 0.0% 1.4% 2.30
GaN (Expt.39) 0.1% 0.9% 2.28
InN (PBEsol) 0.0% 0.9% 2.28
InN (Expt.40) 0.0% 20.6% 3.39
InN (Expt.41) 0.1% 1.2% 2.29
an orthorhombic crystal, the criterion for an elastically
isotropic material is that there are only two independent
elastic constants which are related by c11 = c22 = c33,
c12 = c13 = c23 and c44 = c55 = c66 with the additional
requirement that c11 − c12 = 2c44. This is clearly not
fulfilled for the Mg-IV-N2, especially for the c12, c13 and
c23 as well as among the c44, c55 and c66 elastic con-
stants. For a hexagonal crystal the isotropic condition
is fulfilled if c11 = c33 and c12 = c13 with the condition
that c11 − c12 = 2c44. This is not fulfilled for any of the
III-nitrides either, as shown in Table V.
In order to quantify the elastic anisotropy further it
is required to have measures of the anisotropy that are
valid for any crystal symmetry. Especially if we want to
make a direct comparison between the Mg-IV-N2 and III-
N systems. Chung and Buessem52 noted that a crystal is
elastically isotropic when the Voigt and Reuss averages
of the shear modulus are identical. It is therefore possible
to define the percentage anisotropy in the bulk modulus
and the shear modulus for any type of crystal structure
as
AB =
BV −BR
BV +BR
, (5)
and
AG =
GV −GR
GV +GR
, (6)
respectively. In these expressions a value of zero rep-
resents elastic isotropy and a value of 1 is the largest
possible anisotropy.
Recently Kube53 proposed an anisotropy index, AL
that is valid for all crystal symmetries with the addi-
tional advantage that it provides a single measure of the
elastic anisotropy of a crystal. The anisotropy index is
defined in terms of the Voigt and Reuss averages of the
bulk and shear modulus as
AL =
√[
ln
(
BV
BR
)]2
+ 5
[
ln
(
GV
GR
)]2
. (7)
Note that the anisotropy index is zero if the crystal is
elastically isotropic and that the more anisotropic the
crystal is the larger the anisotropy index will be.53
In Table VIII we show the calculated anisotropy mea-
sures presented above. Among the Mg-IV-N2 systems, we
find that the anisotropy is the largest for MgSiN2 and the
lowest for MgSnN2. For the III-nitrides, the anisotropy is
the lowest for AlN, while the largest anisotropy is found
for GaN. We note that overall the elastic anisotropy is
rather small in all investigated systems, even though the
anisotropy is generally larger in the Mg-IV-N2 systems,
which is related to their more anisotropic crystal struc-
tures compared to the III-nitrides.
Compared to the Zn-IV-N2 systems, we note that
MgSiN2 is more anisotropic than ZnSiN2 (AL = 2.29),
MgGeN2 is less anisotropic than ZnGeN2 (AL = 3.00)
and MgSnN2 is less anisotropic than ZnSnN2 (AL =
2.30), even though the differences are small. Here the
AL values for the Zn-IV-N2 systems have been evaluated
using the elastic constants shown in Table VI.
VII. SPEED OF SOUND AND THE DEBYE
TEMPERATURE
Based on the knowledge of the the elastic constants
it is possible to evaluate the speed of sound of a com-
pound. Here we have calculated the speed of sound of
polycrystalline samples as
vl =
[
B + 4G3
ρ
]1/2
(8)
and
vt =
(
G
ρ
)1/2
(9)
for longitudinal and transverse waves, respectively, and
ρ is the mass density of the crystal. The average sound
velocity is given by
vm =
[
1
3
(
2
v3t
+
1
v3l
)]1/3
. (10)
The Debye temperature is an important physical prop-
erty of a solid. Due to the fact that vibrational excita-
tions arise solely from acoustic vibrations at low temper-
atures, it is possible to calculate the Debye temperature
at low temperatures from elastic constants data as
ΘD =
h
k
[
3n
4pi
(
NA · ρ
M
)]1/3
vm, (11)
where h and k are Planck’s and Boltsmann’s constants,
respectively, NA is Avogadro’s number, M is the Molar
mass, and n is the number of atoms in one formula unit,
i.e. 4 in the case of MgSiN2 and 2 in the case of AlN.
7TABLE IX. Calculated densities, speed of sound and Debye temperatures of MgSiN2, MgGeN2, MgSnN2, AlN, GaN and InN.
The experimental references for MgSiN2 are evaluated using either polycrystalline elastic constants measured by Bruls et al.
21
or measured directly by Bruls et al.22. The experimental data for AlN, GaN and InN are evaluated using the single crystal
elastic constants presented in Table V. The experimental Debye temperatures shown in parenthesis are taken from Wu.6
ρ (g/cm) vl (m/s) vt (m/s) vm (m/s) ΘD (K)
MgSiN2 (PBEsol) 3.122 1.008·104 5.765·103 6.406·103 866
MgSiN2 (Expt.
21) 3.143 1.032·104 5.996·103 6.653·103 901
MgSiN2 (Expt.
22) 3.142 1.033·104 5.99·103 6.65·103 900
MgGeN2 (PBEsol) 4.411 7.828·103 4.394·103 4.890·103 640
MgSnN2 (PBEsol) 5.110 6.431·103 3.478·103 3.881·103 481
AlN (PBEsol) 3.258 1.056·104 6.066·103 6.737·103 918
AlN (Expt.38) 3.2586 1.092·104 6.396·103 7.092·103 966 (11506)
GaN (PBEsol) 6.131 7.375·103 4.205·103 4.673·103 619
GaN (Expt.39) 6.0896 7.799·103 4.444·103 4.939·103 653 (6006)
InN (PBEsol) 6.947 5.493·103 2.814·103 3.152·103 377
InN (Expt.40) 6.9526 4.933·103 1.795·103 2.038·103 244 (6606)
InN (Expt.41) 6.9526 5.671·103 3.001·103 3.354·103 402
In Table IX we present the velocity of sound and the
Debye temperatures of the Mg-IV-N2 and the III-N sys-
tems. We find that the Debye temperature in MgSiN2 to
be 866 K which is in good agreement with experimental
Debye temperatures. In AlN, we find the Debye temper-
ature to be 918 K which is lower than the experimental
reference. It is clear, however, that the Debye tempera-
ture in MgSiN2 is lower than in AlN. As the Mg-IV-N2
and III-N systems become heavier the Debye tempera-
tures become significantly reduced.
Regarding the velocity of sound in these compounds,
we find that our calculated sound velocities are in very
good agreement with available experimental results. We
also find that the velocity of sound in MgSiN2 is smaller
than in AlN, while the sound velocities in MgGeN2 and
MgSnN2 are larger than in GaN and InN respectively.
VIII. SUMMARY AND CONCLUSIONS
We have performed density functional calculations of
the structure and elastic constants of Mg-IV-N2 and III-
N systems, where the Group IV elements are Si, Ge and
Sn while the Group III elements are Al, Ga and In. It
is found that MgSiN2 should be possible to be grown
on both AlN and GaN without significant strain, since
the wurtzite-like lattice constant in MgSiN2 differs only
slightly from the in-plane lattice constants in both AlN
and GaN. The same also holds for MgGeN2 grown on
GaN, however, for such a system the strain will be slightly
larger compared to MgSiN2 grown on, e.g., AlN.
The elastic constants in MgSiN2 and MgGeN2 have
been found to be softer than in AlN and GaN, while
MgSnN2 have a similar hardness to InN. This works to-
wards making it even easier for MgSiN2 and MgGeN2
to be grown on both AlN and GaN. A small lattice
mismatch and softer elastic constants should reduce the
number of dislocations and other types of defects if, for
example, MgSiN2 is grown on GaN compared to AlN
grown on GaN.
The elastic anisotropy has also been evaluated and
we find that the anisotropy in all investigated nitrides
are relatively small and without any large differences be-
tween the anisotropy in the Mg-IV-N2 and III-N systems.
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